reticulocyte analysis in dogs has been reported to range from 8% to 23% in samples with mean reticulocyte counts ranging from 1.07% to 23.18%.1 Coefficient of variation has not been reported for manual reticulocyte analysis of cats.
The reticulocyte count is useful in classifying anemia as regenerative or nonregenerative. Currently, the accepted method for determining the reticulocyte count is to stain blood with a supravital dye and use microscopic examination to classify 1,000 red blood cells as reticulocytes or nonreticulocytes. The cat has at least two types ofreticulocytes, aggregate and punctate, which have maturation times of approximately 12 hours and 10 days, respectively.v-'? Because the aggregate reticulocytes have a shorter maturation time, they are better indicators of current red cell output by the bone marrow. Aggregate reticulocytes have aggregates of reticulum, and punctate reticulocytes typically have two to six small granules of reticulum.' Because there is a morphologic continuum between the aggregate and punctate reticulocyte, it is difficult to accurately classify some of the cells as either punctate or aggregate reticulocytes. Because of the relatively low proportion of reticulocytes in 1,000 cells, there is considerable vari-Hemolytic anemia was induced in five Domestic Shorthair cats (four adult males and one spayed female obtained from ation in the reproducibility of the manual reticulocyte b d' 1 t C 1 d St t U' it ) Th a ree mg co ony a 0 ora 0 a e mversi y . e proanalysis. Interlaboratory coefficient of variation of tocol for the experiments was approved by the Colorado State manually determined reticulocyte counts for human University Animal Care and Use Committee. Each cat was beings have been reported to range from 25.1 % to 48% injected subcutaneously with 5 mg/kg of methylene blue in samples with mean reticulocyte counts ranging from (Natcon Chemical Co., Plainview, NY) on days 0, 2, 4, and 7% to 43.3%. 7 The coefficient of variation of manual 7. In addition to the cats with experimentally induced ane-mia, blood samples were analyzed from five adult cats (two castrated male Domestic Shorthairs, one castrated male Domestic Longhair, one castrated male Persian, and one spayed female Siamese) that were presented to the Veterinary Teaching Hospital at Colorado State University for miscellaneous problems. Blood samples (1.5-2 ml) were collected in ethylenediaminetetraacetate (Vacutainer, Beckton Dickenson, Rutherford, NJ) for analyses. Experimental cats were anesthetized with 10 mg/kg ofketamine hydrochloride (Fort Dodge Laboratories, Fort Dodge, IA) prior to phlebotomy.
Aliquots ofblood were used to perform a hemogram, blood film evaluation, and manual and flow cytometric reticulocyte counts. Hemograms were determined using a blood analyzer with histogram capability (Coulter Counter S Plus IV Analyzer, Coulter Electronics, Hialeah, FL). Brilliant cresyl blue stain (Retic-Set, Curtin Matheson Scientific, Houston, TX) was reconstituted with 0.9% saline. Three parts blood was added to I part 0.9% saline/brilliant cresyl blue, and this mixture was incubated at 37 C for 10 to 15 minutes. A blood film was made, and 1,000 red blood cells were microscopically enumerated under 1,000 x magnification. Cells were classified as nonreticulocytes or punctate or aggregate reticulocytes using the criteria previously described.'
The RNA fluorochrome thiazole orange (Molecular Probes, Eugene, OR) was used to stain erythrocytes for flow cytometric analysis. The dye was reconstituted in ethanol at a concentration of 1 mg/ml. This mixture was stored in the dark at -20 C. Both dye concentration and incubation time were varied to determine the optimal conditions for staining feline reticulocytes. Working dilutions of the thiazole orange were made in isotonic diluent (IsoFlow, Coulter Diagnostics, Hialeah, FL) and used within 5 days. Final concentrations of thiazole orange were 0.05, 0.1, 0.2, and 0.3 Ilg/ml of diluent. One hundred microliters of blood was added to 2,000 III of diluent. Ten microliters of this dilution of blood was then added to each l-rnl aliquot of diluent containing the different concentrations of thiazole orange and to l-ml aliquots of diluent that served as unstained controls. Thirty samples containing 0-14.5% manually counted aggregate reticulocytes were used for flow cytometric method comparison. All samples were incubated in the dark for 30 to 60 minutes.
To further investigate the effect of time of incubation on the flow cytometric reticulocyte analysis, 18 samples with manual reticulocyte count percentages of 0-9.5% were analyzed at different incubation times. Aliquots of blood were stained with the 0.1 and 0.2 Ilg/ml dye concentrations for 15, 30, 60, and 90 minutes. The sample containing a manual aggregate reticulocyte count of 9.5% was incubated only for 30 and 60 minutes before flow cytometric analysis.
To investigate the precision of the flow cytometric technique, one sample containing a low percentage of reticulocytes and one sample containing a moderate percentage of reticulocytes were analyzed repeatedly using the 0.2 Ilg/ml dye concentration. Ten identical preparations were set up for each of the samples, and they were incubated for 30 and 60 minutes. Results are expressed by the mean, standard deviation, and coefficient of variation of the replicates.
Cytometric analyses were done on a flow cytometer (EPICS C Flow cytometer, Coulter Electronics, Hialeah, FL) with a 5-W argon laser. The laser was operated at 200 mWand 488nm line emission. Filters were configured to optimize detection of the 530-nm peak emission ofthiazole orange. Twenty thousand of the unstained control cells were analyzed (800 cells/second) using a two-dimensional histogram of forward angle light scatter versus log 90°light scatter. Using this histogram, a bitmap was placed around the area corresponding to the erythrocytes. An attempt was made to exclude the area containing the majority of the platelets. The voltage settings were adjusted on the green photomultiplier tube so that 0.05% of the cells of the unstained sample showed green fluorescence (this corresponded to channels 3-14). The stained samples were then analyzed and the percent green fluorescence was recorded. Because the background fluorescence of 0.05% is negligible in evaluation of reticulocyte percentages, this value was not subtracted from the stained sample result. Both an unstained and stained human blood samples (stained in a fashion similar to that of the cat blood samples) (Reticulocyte Counting Kit, Streck Laboratories, Omaha, NE) with known reticulocyte counts were run daily as controls to ensure that the results were within an expected range.
The following experiment was done to determine the potential interferences of platelets in cytometric counting of reticulocytes. Platelet-rich plasma was prepared using a thrombofuge (Coulter Thrombofuge, Coulter Electronics, Hialeah, FL).'I Platelet-rich plasma was prepared from a whole-blood sample with a packed cell volume of 47 and a platelet count of 499 ,000/Ill.This sample had a rare aggregate reticulocyte seen on scanning of a bromcresyl green-stained slide. Different proportions of the platelet-rich plasma and the whole blood were mixed to yield a sample with a packed cell volume of 23 and platelet count of 780,000/III and another sample with a packed cell volume of 9 and a platelet count of 948,000/Ill.
Manual and flow cytometric reticulocyte count procedures were compared by calculating Pearson's correlation coefficients. A regression equation was also calculated. To detect significant differences, paired t-tests were performed to compare the results obtained with each variable used in the flow cytometric procedure with the results 0 btained from the manual reticulocyte count.
Results
The percentages of aggregate reticulocytes determined manually and determined by flow cytometry were compared ( Fig. I) . Flow cytometry using the 0.05-Ilg/ml dye concentration underestimated the number of reticulocytes, especially when a high percentage of reticulocytes was present. The results from the O.l-il-g/ ml dye concentration were closely correlated with and not significantly different from (P > 0.05) the results obtained with the manual technique. However by inspection, cytometry using the O.l-il-g/ml dye concentration underestimated the number of aggregate reticulocytes in samples with a high percentage of reticulocytes. The results from the 0.2-il-g/ml dye concentration were very closely correlated with and not significantly different from (P > 0.05) the manual ag- gregate reticulocyte counts. Use of this concentration of dye resulted in a slight overestimate of the numbers of aggregate reticulocytes when a low percentage of reticulocytes was present. The results from the 0.3-J.lg/ ml dye concentration were very closely correlated with those from the manual technique, but almost always overestimated the numbers of aggregate reticulocytes. Table 1 summarizes the correlation coefficient (r), mean difference, and P value when the manually determined aggregate reticulocyte counts were compared with counts of samples that were incubated for various amounts of time prior to analysis by flow cytometry. There is less change in the correlation coefficient at the different times of incubation for the samples with the 0.2-J.lg/ml dye concentration than for those with the O.l-J.lg/ml dye concentration. In a sample with moderate numbers of reticulocytes, the incubation time affects results more than for a sample with a low reticulocyte percentage (Fig. 2) . The higher dye concentration (0.2 J.lg/ml) tends to minimize the effect of time 4~----------------'
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Reproducibility of the flow cytometrically determined reticulocyte count was determined. The sample with a low percentage of reticulocytes and incubated for 30 minutes had a mean value of0.5 ± 0.1 (standard deviation of the mean)%, range of 0.4-0.7%, and a coefficient of variation of 17.9%. The same sample incubated for 60 minutes had a mean value of 0.5 ± 0.1 %, range of 0.4-0.7%, and a coefficient of variation of 17.9%. The sample with a moderate reticulocyte percentage incubated for 30 minutes had a mean value of2.9 ± 0.4%, range of2.1-3.7%, and a coefficient of variation of 15.4%. The mean value of this same sample when incubated for 60 minutes was 5.4 ± 0.3%, range of 4.9-5.8%, and a coefficient of variation of 4.8%. Figure 4 shows results of a sample unstained and stained with thiazole orange. This sample had a manually determined aggregate reticulocyte count of 9.5%. Figure 5 shows the results ofa clinical sample that had 1.8% nucleated red blood cells and a 0.6% manually determined reticulocyte count. Because of the size and fluorescent intensity of the nucleated red blood cells, they can be easily identified and excluded from the analysis; this is also true for white blood cells (data not shown). In contrast, cat platelets are difficult to completely exclude. Figure 6 shows results of an analysis of a sample of platelet-rich plasma using the parameters of forward angle light scatter versus 90 0 light scatter. The correct placement of an erythrocyte bitmap indicates that the majority of the platelets can be excluded from the area for analysis of the reticulocyte percentage. However, because some of the platelets did extend into the area of the erythrocyte bitmap, the following experiments were done. First, fluorescent microscopic examination of stained samples revealed fluorescence of some platelets. In addition, flow cytometric reticulocyte analysis of a whole-blood sample with packed cell volume of 47% and a platelet count of 499,0001tLl was compared with analysis of two samples that were prepared from this whole blood. A scan of the brilliant cresyl blue-stained slide of this wholeblood sample revealed a rare aggregate reticulocyte. The two samples prepared from the whole blood and platelet-rich plasma derived from the whole blood had lower packed cell volumes and higher platelet counts. Flow cytometric analysis of the whole-blood sample gave a reticulocyte count of 0.4%. The sample with a packed cell volume of 23% and platelet count of 780,0001tLl showed 0.57% reticulocytes, and the sample with a packed cell volume of 9% and platelet count of 948,0001/l1 yielded 1.82% reticulocytes.
Discussion
The optimal technique for flow cytometric analysis of feline reticulocytes is use of a 0.2-tLg/ml concentra- of incubation. Similar results were seen in other samples containing a high percentage of reticulocytes. Figure 3 shows the average manually determined punctate and aggregate reticulocyte percentages, as well as the flow cytometrically determined reticulocyte values of serial samples from cats with experimentally induced anemia. There is no correlation between the punctate reticulocyte percentage and the flow cytometrically determined reticulocyte count. Log green fluorescence Log 90°light scatter Fig.4a . Unstained blood sample that had a manually determined reticulocyte count of9.5%. Fig. 4b . Blood (from same blood sample used for analysis in Fig. 4a ) stained with 0.2 }lg/ml thiazole orange. Fig. 5 . Blood with a manually determined reticulocyte count of 0.6% and with 1.8%nucleated red blood cells was stained with 0.2 }lglml thiazole orange and analyzed flow cytometrically. Note that nucleated red blood cells (1.97% of the cells as determined by the flow cytometer) can be excluded from the flow cytometric analysis of reticulocytes (0.65% of the cells). Fig. 6 . Analysis of platelet-rich plasma by forward angle light scatter versus log 90°light scatter. Note the majority of the platelets are excluded from the area (RBC bitmap) that is analyzed for reticulocytes. tion of thiazole orange dye and staining for 30 to 60 minutes. These parameters were chosen because the results using these incubation times and concentration of dye were not significantly different from those ofthe manual count (P > 0,05), Also, the mean difference between the manually determined reticulocyte count and the flow cytometric count at these incubation times was small (0,2 and 0.41 for the 30-and 60-minute incubation times, respectively).
Although the flow cytometric technique was well correlated (r = 0.88) with the manual aggregate reticulocyte count, it did not detect punctate reticulocytes, perhaps because the punctate reticulocytes do not contain RNA but contain only remnant organelles such as mitochondria. Studies with rabbit reticulocytes, however, do not support this explanation, because during maturation of rabbit reticulocytes there is a concurrent decrease in the numbers of mitochondria and ribosomes." Another possible explanation for missed punctate reticulocytes is that the conditions used for flow cytometric analysis were not optimized to detect the low levels of RNA present in these cells. If this were the case, a higher percentage of punctate reticulocytes should produce at least a weak fluorescent signal. However, on day 18 when the punctate reticulocytes were at a peak of 92.5% the flow cytometer only detected 1.0%, which corresponded to the 0.9% aggregate reticulocytes (Fig. 2) .
Thiazole orange binds preferentially to RNA but can also bind to DNA.8 Therefore, a falsely elevated flow cytometric reticulocyte count may occur because of the inclusion of nucleated cells in the analysis. However, Vel Pathol 29: 6, 1992 nucleated cells can be easily excluded because of their size and fluorescent intensity.
A sample with a very high platelet count and a very low packed cell volume may show falsely elevated percentage of reticulocytes. Because of the large size of cat platelets (11.1-18.1 fl), there is overlap with the size of cat red blood cells." Although the majority of the platelets can be excluded from the analysis, some of the larger platelets are included within the erythrocyte bitmap. Why the platelets fluoresce in the presence of thiazole orange is unclear. Although human platelets rarely contain endoplasmic reticulum, thiazole orange also binds to human platelets.v'? This binding can be inhibited by the prior addition of dye LDS-7 51. 9 This combination of dyes was not analyzed in our system. The interference ofplatelets with the reticulocyte count is a minor problem because it is only appreciable in extremes of thrombocytosis and anemia.
The reproducibility of the cytometric technique was good; the coefficient of variation ranged from 4.8% to 17.9% in two samples with two different times of incubation. This coefficient of variation is not as good, however, as that reported for the flow cytometric analysis of reticulocytes of human beings or dogs.':' The mean coefficient of variation was 2.8% in samples with reticulocyte percentages ranging from 2.1 % to 11.4% in human beings.' The coefficient of variation was 5-3% in samples with reticulocyte percentages ranging from 0.83% to 16.41 %, respectively, in dogs.' The coefficients of variation are better than those reported for the manually determined human reticulocyte analysis (coefficient of variation of manually determined reticulocyte counts of human beings have been reported to range from 25.1 % to 48% in samples with mean reticulocyte counts ranging from 7% to 43.3%). 7 The coefficient of variation has not been reported for manual reticulocyte analysis of cats. This coefficient of variation may be greater in cats than in other species because of the subjective classification of punctate and aggregate reticulocytes.
Flow cytometry offers a reproducible technique for enumerating cat aggregate reticulocytes. The inability to detect punctate reticulocytes suggests that the procedure may not have been optimized to detect these cells or that they may not contain RNA as has been previously assumed. Further work is necessary to understand production of reticulocytes in the cat.
